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Abstract 
In this paper a methodology for supporting the assembly planning engineer is given which connects the virtual planning environment with a 
real assembly system. The method starts with product and process analysis, continuing with a capable assembly module selection while several 
validations are conducted. A reference model, as part of the methodology, is used for clustering information in the different steps. The virtual 
planning model is connected with a real assembly system which allows an automatic model update, providing the planner with the latest system 
configuration. While operating the assembly system the connection is simultaneously used to derive a product memory which guides the 
product through the assembly. The methodology is implemented by tools of the digital factory which are connected with modules of cyber-
physical assembly systems. 
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1. Introduction and state of the art  
Shortened product life cycles and continuous changes on 
existing product variants are challenges for today’s production 
engineers [1]. To overcome these challenges flexible 
production systems have to be developed faster and with the 
ability to reconfigure which allows an adaption to upcoming 
changes, e.g. of the product. These systems are also able to 
produce different product variants at the same time [2]. The 
reconfigurability can be achieved through the introduction of 
versatile and cyber-physical assembly systems which imposes 
an ability to reconfigure on the mechatronic and software side 
[3].  
Assembly is a part of production after manufacturing. In 
manufacturing raw materials are machined whereas in 
assembly parts are attached one-by-one to form the final 
products [4]. These products are created in an assembly 
system, often consisting of several stations which form an 
assembly line for a specific product range [5]. It is recognized 
that the allocation of assembly operations including feeding of 
parts and joining processes, etc. at several stations, make the 
planning of assembly systems much more complex than 
manufacturing systems [6]. The assembly planning engineer 
is responsible for the development of an assembly system 
which is able to produce a wide product range efficiently. 
Moreover, the assembly planner has to determine if a product 
can be assembled on the existing system or if modifications 
have to be performed. Modifications like reconfigurations and 
integration of new resources are done by the system operator 
when the system is in operation. These modifications are 
sometimes done by the operators without coordination with 
the planning engineer which might result in conflicts when 
outdated data of the assembly system is used for planning.  
Due to the growing number of parallel produced product 
variants and more frequent product updates, the decisions 
must also be made more frequently. Until now, a standard 
object-oriented description does not exist for the objects and 
their capabilities within assembly which allows a connection 
between virtual and real assembly to keep both sides updated.  
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On the German national Plattform Industrie 4.0 the 
Reference Architecture Model Industrie 4.0 (RAMI4.0) is in 
development [7]. The objective of RAMI4.0 is the 
establishment of a standard for the connection of elements in 
the physical and virtual world. A three-dimensional model is 
used to describe the different perspectives on elements, the 
product life cycle and the functionalities of elements within 
the factories. The product is considered as one element within 
the factories on the hierarchy levels but the assembly 
processes and requirements are not considered in detail so far. 
The RAMI4.0 approach considers existing standards on the 
communication layer like OPC UA and developments on the 
end-to-end engineering like AutomationML. 
The AutomationML consortium is developing a framework 
based on XML which intends to cover the complete 
engineering process of a production system on the software 
side [8]. AutomationML focuses on the development process 
of automation system engineering and models objects of the 
automated system in a tree based format. Nevertheless, the 
description of various component capabilities is not supported 
by AutomationML. Moreover, the product with its assembly 
operation is not focused and thus only modelled with low 
granularity which is inadequate for assembly planning. Better 
opportunities for assembly planning are provided by product 
lifecycle management (PLM) solutions which use databases to 
store consistent data and allow access from multiple sides.  
From the software and PLM side, supporting tools of the 
digital factory gain more importance in order to control the 
wide range of product variants and their information. The aim 
of digital factory is the holistic planning, evaluation and 
ongoing improvement of all main structures, processes and 
resources of the real factory in conjunction with the product 
[9]. The existing data models of the digital factory already 
enable structuring of product, process and resource as well as 
the definition of the assembly sequence [10]. Nevertheless, 
product and resource properties and their relation cannot be 
described as Brunner et al. provide a concept and first 
implementation to overcome this problem [11]. Another data 
model concept is provided by Angelos et al. which assigns 
capabilities to two different tiers. The assembly task requires 
a capability and the resource provides a capability [12]. Both 
concepts focus on the validation of capabilities in the virtual 
world but do not detail how the comparison is done and do 
not consider the data exchange with the physical system in 
reality.  
Thus, this paper presents an object-oriented reference 
model for describing product and process requirements as 
well as resource abilities with the same capabilities. The focus 
is on the assistance of the assembly planning engineer and 
information provision. For assisting the planner and to 
describe the data exchange between virtual and real world a 
planning method is introduced which uses the reference 
model for clustering the relevant planning information. For 
the validation of the methodology a demonstrator scenario is 
given and the reference model is implemented in a tool of the 
digital factory.  
2. Methodology for planning cyber-physical  
assembly systems 
The planning methodology consists of a reference model 
and a method. In the reference model important facts between 
objects in the scope of assembly planning are described by 
standardized elements and thereby serve as a reflection of the 
complete system. At the same time the reference model 
provides the framework within the method can operate and 
the information between virtual and real planning 
environment can be exchanged. The requirements for the 
assembly are described from the view of the product which 
moves through the assembly and which has requirements such 
as material feeding as well as process performance in the 
individual assembly processes. 
Whereas, the planning method describes the required steps 
for the development of the assembly systems and with the 
help of the reference model in background. The planning 
method supports the planning of products at an assembly line 
but the information can also be used for start-up and operation 
of the real system.  
Hereafter, first the structure of the reference model and 
then the method is described. For the clear presentation of the 
reference model the UML class diagram notation is used [13]. 
2.1. Reference model providing a standardized framework 
Before describing the individual classes of the reference 
model in detail within this chapter, a brief schematic overview 
of the complete model is given at the beginning in Fig. 1. In 
the upper level of the model a connection between product 
and process takes place. The pieces of information of product 
and process are then brought together in an individual product 
bill of process (BOP). This BOP is subsequently detailed with 
resources that are used for assembly, resulting in a plant BOP. 
In the lower level the assembly operation is derived from the 
process. These operations are connected with the item as well 
as with the assembly module and subsequently with the 
property as described in the schematic model. With this 
connection and thus the consistent description of requirements 
as well as abilities a comparison and a resource allocation can 
be conducted. 
Resource abilityProduct & process requirement
Product Process Resource
Assembly Operation Assembly moduleItem
Product
Bill of Process
Plant 
Bill of Process
Property
 
Fig. 1. Schematic class overview of the reference model  
The product consists of several assembly items which are 
united in the bill of material as illustrated in Fig. 2. The 
assembly items are divided in subassemblies, parts and 
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consumables. Thereby a subassembly consists of various parts 
which have a determinable geometry. In the class of 
consumables geometrically undeterminable objects are listed, 
for instance liquid adhesives or gaseous filling materials. 
The relation between assembly item and operation is 
represented by an aggregation. The assembly operations are a 
finer subdivision of assembly processes. The assembly 
processes and operations are brought together in the product 
BOP which describes the assembly sequence from the product 
perspective. When the product BOP is scheduled on a specific 
assembly system a plant BOP results which poses a 
connection to the resources.  
To conduct a variant based separation, the classes of 
assembly item as well as assembly process and operation are 
assigned to variant conditions. With the help of a variant rule, 
different variant conditions can be combined. A filtering of 
the product and process structures can be conducted with the 
variant rules. 
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Fig. 2. Reference model of assembly product and process requirement 
In order to describe the requirements of the products and 
processes in a standardized way, the class assembly operation 
is defined as the type abstract, hence only objects of the 
subclass with a specific task can be created. For instance, an 
assembly operation can have the basic task “joining” which is 
in turn of the specific type “bolt tightening”. In Table 1 basic 
tasks and their assigned specific tasks are listed. The listed 
types of tasks provide a framework which can be adjusted 
depending on the specific product range. For example, when a 
variety of different bolt tightening process types is depicted, 
these can be listed in the level of basic task including 
additional specific tasks. The relevant process parameters 
needed for the conduction of the task are given to the specific 
assembly tasks as attributes. The attributes in the example of 
the bolt tightening task are torque, bolt position, etc. 
Table 1. Detailing assembly operations with basic and specific task  
Basic Task Specific Tasks 
handling feeding, conveying, securing, etc. 
joining tightening, sleeving, insertion, placement, etc. 
commissioning adjusting, parametrization, functional check, etc. 
support process storing, quantity variation, heating, etc. 
special operation cleaning, reworking, marking, etc. 
On the product side several abstract classes are located which 
include the physical properties for the respective assembly 
task. These requirements are in the case of the bolt tightening 
task: thread diameter, bolt drive type size, etc. Due to this 
approach, the respective requirements are captured in the 
product analysis which aremat necessary for the assembly 
specific task. These assembly specific task properties inherit 
in the class physical property which has a connection to the 
assembly item. The combination of properties of specific 
assembly tasks and product properties describes the 
requirements of the products and its assembly.  
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Fig. 3. Reference model of resource ability 
The assembly of the product is conducted on an assembly 
system which consists of one or several assembly lines. The 
assembly line in turn is comprised of one or several assembly 
stations and assembly modules as shown in Fig. 3. In order to 
perform a matching between product requirements and 
resource abilities, the type of the compared capabilities has to 
be the same. Thus, specific assembly tasks and resource 
properties are assigned to an assembly module which a 
module can conduct and possess. In the reference model an 
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aggregation between the abstract classes of assembly module, 
basic task as well as the class of physical property exists 
which is the same as the class assignment at the product side. 
For instance, a module exists which has the specific task 
“tightening” and further information from the class physical 
property.  
Besides the assignment of specific assembly tasks which 
are conducted by an assembly module, a further structuring of 
the assembly module takes place. For a better structuring of 
the assembly modules within the station, the modules are 
divided into different types: 
x Basic module: defines the frame of a station which can 
integrate additional modules 
x Conveying module: transfers the product between  
the stations 
x Feeding module: stores parts and feeds them to the 
assembly operation 
x Process module: conducts the value-adding processes 
x I/O-module: input respectively output of signals / 
information 
2.2. Planning method 
The planning method is structured into different steps 
which are passed successively and serves as a guideline for 
the assembly planner. The planning method is divided into a 
virtual and real phase as shown in Fig. 4. In the virtual phase 
at the beginning the general requirements are gathered which 
the assembly system has to fulfil. These include conditions 
such as cycle time, which is documented in the reference 
model in the class assembly station, as well as the product 
variants to be assembled, which are documented in variant 
conditions and rules. 
Legend: Virtual planning Real assembly
Data exchangeReference model Reference model
Update
planning data
 
Fig. 4. Approach to connect virtual and real world during planning 
Subsequently, the product structure with its different 
assembly items as well as the required assembly processes is 
analyzed. The assembly items are transferred to the bill of 
material (BOM) and the product properties of the assembly 
items are supplemented with information. Furthermore, an 
assembly process is derived for every assembly item and, 
together with the assembly items an initial assembly order is 
created. This is a rough order for the assembly processes, but 
does not have a variant condition or rule and thus gives a 
variant-overlapping structure. The assembly process is 
detailed with assembly operations and assigned basic and 
specific assembly tasks. For instance, the assembly process 
describes that a part should be mounted and the assembly 
operations detail the process by first feeding the part then 
heating it and eventually pressing it. The detailed sequence of 
operations is described by the successor attribute of the 
assembly operation class which is used as a requirement for 
operation scheduling into the stations.  
To gather the required information for the creation of the 
individual objects the documentations are to be checked and 
expert interviews with the product development have to be 
conducted. As a result of this analysis step the assembly 
requirements as well as the order of the required assembly 
operations with the respective assembly operation results is 
defined in a product BOP. 
In the next planning step the assembly stations are created 
when planning a new system. In these stations the assembly 
operations of the different product individual product BOPs 
are scheduled. During the scheduling the defined order of 
assembly operations as well as the cycle time of the individual 
stations is checked for compliance with the help of the class 
matching. If one of the conditions is not fulfilled, the 
assembly operations are rescheduled. Furthermore, the 
capable assembly modules are selected. For this selection the 
product and process requirements over all assembly 
operations of a specific task within a station are gathered. For 
instance, when several bolt tightening operations with 
different requirements are scheduled at one station, a single 
tightening tool might be selected which can be used for all of 
these assembly operations. In the third validation, it is being 
checked whether the assembly modules within a station fit 
into the capacity of a basic module and also whether the 
assembly items fit into the feeding modules depending on 
their logistical dimensions. The order of the required 
matchings is not fixed. If information is missing or changing 
during planning, it has to be collected in a prior planning step. 
In the end of this phase a synchronized plant BOP exists and 
it is ensured that all planned product variants can be 
assembled by the available assembly modules with the 
existing assembly system configuration and the defined cycle 
time. 
In the following step the technical equipment is procured. 
Furthermore, the interfaces of the individual assembly 
modules as well as the information, which is needed and 
provided by each module for the assembly operation 
performance, is documented. This information includes for 
example the used control protocol of the assembly modules. 
To process the information on the control level, formatter and 
interfaces are configured which are attributes in the class 
assembly module. The control sequence of the modules within 
a station is defined by the product which is identified at a 
station and calls the information from the plant BOP. Thus, 
specific information of the plant BOP is transferred from to 
virtual planning environment to reality as product memory.  
In the real assembly environment the stations are setup 
with their assembly modules and connected with each other. 
The assembly planning engineers support the commissioning 
of the individual assembly modules and the assembly system 
ramp-up. As soon as the product assembly is done the 
responsibility for the system is handed over to the operator.  
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When integrating additional product variants or revising 
existing products such as a “facelift”, the current system 
configuration of the real assembly line has to be identified. 
For identification, a space and rule for every assembly module 
is defined as an object in the reference model of the class 
space and rule. For this purpose it has to be checked which 
modules are located within the space of a basic module and 
thus are part of the station. The identified configuration is 
transferred into the virtual planning environment and the 
modules in the existing plant BOP are updated. Moreover, the 
revisions and modifications of product as well as processes 
are analyzed by the planner and adjustments of the planning 
model are made. Therefore, the assembly operations of the 
new product are scheduled in the stations and the matching 
checks are performed to validate if the new product variant 
can be assembled with the identified system configuration. If 
these checks are negative the assembly operations or 
assembly modules have to be relocated between the stations. 
However, after relocating the matching checks have to be 
repeated. If the assembly requirements cannot be covered with 
the existing assembly modules and stations, new modules or 
possibly new stations have to be integrated.  
3. Validation and implementation of the methodology 
In this section a demonstration scenario is presented to 
validate the planning methodology. Its objective is to validate 
the assembly of a product and to come up with an assembly 
system consisting of several stations. Furthermore, the 
consistent data usage between virtual and real world is shown. 
To support the assembly planner the implementation of the 
reference models takes place in programs of the digital 
factory. In these tools the original data model is adjusted 
according to the reference model. 
3.1. Product and assembly process analysis 
The demo scenario deals with the assembly of three 
product variants of an electronic control unit which should be 
produced with a cycle time of 50 seconds. The product 
structure for one variant is illustrated as an explosion drawing 
in Fig. 5. The assembly of the product involves several 
processes, starting with the placement of the top casing, 
followed by the inner electronic parts. Finally, the bottom 
casing is assembled. At the end the product has to be 
inspected for functionality and if necessary reworked.  
Definition of item properties
Creation of assembly operations
1. Selection of the Basic Task 2. Selection of the Specific Task
Mainboard Bolts
Bottom_Casing
Mainboard
Application_Board
Connecting_Cable
Top_Casing
Casing_Bolts
Product Variants  
Fig. 5. Product and process analysis to derive the assembly requirements 
To assist the planner during the product and process 
analysis phase, input masks are available to create objects of 
the different classes as described in the previous chapter. On 
the right hand side of Fig. 5 the input fields are shown for the 
example of the mainboard bolt item and the bolt tightening 
assembly operation. Depending on the selected basic task only 
the subordinated specific tasks get available. The gathered 
information is brought together in the BOM and product BOP.  
3.2. Virtual assembly validation 
Once the product analysis and process analysis are 
finished, the assembly operations are scheduled in the stations 
of the assembly system. During this process, various 
validations are carried out, as shown in Fig. 6. Firstly, it is 
checked whether the sum of the time for the individual 
assembly operations within a station depending on the 
production program is less than the predetermined cycle time. 
Secondly, it is checked whether the order of assembly 
operations to be performed is maintained. For example a 
previous operation should not carried out on a subsequent 
station. If one of these checks is negative, the operations must 
be rescheduled by hand and experience of the planning 
engineer until the matching result is positive. 
Considered restrictions and
performed validations
Plant Bill of Process
0
1
2
3
4
5
zufuehrmodul zufuehrmodul
000352/A;1-FMPickByLight10 x 2 000352/A;1-FMPickByLight10 x 5
Line Balancing Compliance of Precedence Constraints
Selection of capable modules
Logistic and Station 
Capacity  
Fig. 6. Comparison of assembly requirements and module abilities resulting 
in the Plant BOP 
Based on the previously identified product and process 
requirements, the suitable assembly modules are selected. In 
Fig. 6, this is shown on the example of the tightening 
operation with the parameters torque 0.4 Nm, torque 
controlled tightening, etc. As a result, the 
PMNutrunnerAutomatic10 and PMNutrunnerManual10 are 
displayed as capable assembly modules to perform the 
tightening operation. The planning engineer has to select one 
of the two.  
Due to the performed validation in the virtual planning 
environment, the assembly of the product on the planned 
assembly system is ensured as well as the compatibility of the 
modules within the station.  
3.3. Information exchange between real and virtual worlds 
Before the production on the assembly system in reality 
starts, the information inside the Plant BOP is exported as 
assembly data for each variant in form of a product memory. 
The information is imported and stored in an assembly 
database which is semantically the same as the information 
used in assembly planning. The assembly database is 
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accessible by a software agent which acts as a mediator within 
each station to control the different assembly modules [14]. In 
the demo scenario, the automatic nutrunner in the third station 
is used for the tightening operation of the mainboard bolts. To 
control the nutrunner via its TCP/IP protocol the interface for 
the module within the agent is configured with the correct IP 
and port. In the formatter of the agent the standardized 
information received from the database is translated to the 
specific syntax of the nutrunner. When the product enters a 
station, it is identified with a RFID tag attached to the work 
piece carrier, and the information handling by the logic 
element of the agent starts. 
3.Station - Basic module
Feeding module – FMPickbylight20
Modbus
OPC-UA
TCP/IP
Process module – PMAutomaticNutrunner10
I/O module – IOScreen30
TCP/IP
Conveyor module – CMBeltStation30
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Agent Assistance
Interface
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Logic & 
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Interface
Configuration of the control technology
Assembly of products
Identification of the system configuration
Data Exchange Information
FlowDatabaseFiles
Assembly
Data
Identifier at 
PMAutomatic
Nutrunner10  
Fig. 7. Connecting virtual planning with the assembly system in reality 
To identify the assembly modules in reality, identifiers are 
attached to the real assembly modules which allow 
localization and position measurement [15]. The attachment 
of an identifier to the nutrunner is shown in Fig. 7 which 
connects the real module with its virtual avatar. The modules 
are located with sensors and rules which decide if an object 
space is within the space of another object. Through the 
combination of several rules, the identification of the system 
configuration is achieved [16]. In the end of identification, 
this combination is used to update the model in the virtual 
planning environment where the result is analyzed and 
evaluated with the initial model.  
4. Conclusions and future work  
In this paper, a methodology is proposed for planning 
cyber-physical assembly system to combine the virtual and 
real world with each other. The methodology consists of a 
reference model and a planning method. The introduced 
reference model provides a framework for clustering 
information. In the reference model the product and process 
requirements are described with the same classes as the 
assembly module abilities allowing a capability-based 
planning. The method provides a guideline for the assembly 
planning engineer with several steps and validations to ensure 
that a product can be produced on the planned assembly 
system. To connect the planning with the real system, the data 
is transferred into reality to guide the product with its process 
plan through the assembly system. Modification of the real 
assembly system are identified and used to update the model 
in the virtual planning environments. 
Nevertheless, not all restrictions when planning an 
assembly system can be recorded with reasonable expenses 
and the experience of the planner should always be used. But 
information gaps and entering the same information in 
different systems should be avoided, so the planning engineer 
can concentrate on creative work. The methodology will be 
further extended, in order to perform simulations in the virtual 
planning environment and to optimize the planning result. 
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